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Several fac tors  a r e  important i n  the developm t f an hydrogenation process 
for  the economic conversion of coal to a l iqu id  fuel  fifyd" These include a b e t t e r  
understanding of  the s t ruc ture  of coal ,  the ef fec t ive  use of hydrogen and/or 
a1 te rna te  reducing gases and the development of cheaper o r  more a c t i v e  c a t a l y s t s .  

the reac t iv i ty  i s  great ly  affected by the chemical s t r u c t u r e  har c t e r i s t i c s  of the 
coal and the conversion per u n i t  of hydrogen consumed i s  highf3y4? Several c a t a l y s t s  
a r e  studied and r e a c t i v i t y  i n  an entrained-flow hy rogenation reactor  and the 

This paper i s  concerned with the i n i t i a l  s tage of coal hydrogenation, where 

chemical s t ruc ture  of the products a r e  determined. B )  
Ex perimenta 1 

Clear Creek, Utah, coal was hydrogenated i n  a short-residence, entrained-  
flow r e a ~ t o r ! ~ )  Zinc chlor ide,  Co-Mo/A1203, presulfided red-mud and red-mud plus 
s u l f u r  were used as  c a t a l y s t s .  The  coal p a r t i c l e  size was -100+200 mesh and the 
c a t a l y s t  ranged from 6.4% f o r  ZnC12 to  10.7% f o r  the o ther  c a t a l y s t s .  The coal was 
a l s o  hydrogenated without c a t a l y s t .  The temperature ranged from 400" C to  500" C 
and the hydrogen pressure was held a t  1,800 ps i .  Residence time (8-372 sec)  was 
varied by choice o f  the tube length (12-36 m ) .  A typical analysis  o f  Clear Creek, 
Utah, coal i s  shown i n  Table 1 .  

pyridine. 

method using a Perkin-Elmer 240 C H N  Analyzer. 
90 MHz and 300 MHz. 
on Corona Wescan 117 Molecular Weight Apparatus. 

Products were separated by stepwise extract ion using hexane, toluene and 

Determination of C, H and N f o r  each product was carr ied o u t  by a micro 

The extract ion scheme i s  shown i n  Figure 1 .  

Proton NMR spectra were measured a t  
Molecular weights were determined by vapor pressure osmometry 

Results and Discussion 

The yields  of hydrogenation products a r e  shown in Table 2. 
the i n i t i a l  stage of hydrogenation f o r  8-12 sec a t  500" C i n  the presence of d i f f e r -  
e n t  ca ta lys t s  and without c a t a l y s t  showsconversionsof about 20% f o r  a l l  samples. A 
c a t a l y t i c  e f f e c t  on conversion and product d i s t r i b u t i o n  i s  not apparent .  
indicates  tha t  a t  l e a s t  20% of Clear Creek, U t a h ,  coal converts noncatalyt ical  y i n t o  
l iqu id  and gas. This i s  s imi la r  to  the r e s u l t s  obtained on Japanese coa ls (697j .  ' 

duct d i s t r ibu t ion  using ZnC12 c a t a l y s t  i s  shown. The e f f e c t  of temperature d u r i n g  
shor t  residence times o f  8 to  12 sec i s  not la rge .  Conversions increase from 6% t o  
18% w i t h  the increase of temperature from 400" to  500" C .  
time a t  500" C i s  l a rge .  For example, conversions increase from 18% to 35% during 
the period from 8 to  21 sec .  The e f f e c t  of reac tor  length on conversion a t  500" C 

* On leave from the Government Industr ia l  Development Laboratory, Hokkaido, Sapporo 

Comparison of 

This 

In Figure 2 the e f f e c t  of temperature and time a t  500" C on conversion and pro- 

However, the e f f e c t  o f  

Japan. 
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i s  a l s o  shown i n  Figure 2,  using ZnC12 c a t a l y s t  the conversions increase from 18% 
to  75% w i t h  an increase i n  reactor  length from 12 m to 36 m .  Using the other  
ca ta lys t s  and w i t h  no c a t a l y s t  the conversions a r e  merely ca.20% a t  36 m reac tor  
length.  T h i s  ind ica tes  t h a t  ZnC12 i s  a very ac t ive  c a t a l y s t  i n  the i n i t i a l  s tage  
of hydrogenation. 

sec proceeds noncatalyt ical ly  except when a very a c t i v e  c a t a l y s t  is used. About  20% 
of the  coal takes p a r t  i n  the react ion.  A t  500" C and a f t e r  12 sec,  the react ion 
proceeds c a t a l y t i c a l l y  and is grea t ly  affected by residence time. 

I n  Figure 3 and 4 the  r e s u l t s  of ultimate ana lys i s  of each product a r e  shown. 
The H / C  atomic r a t i o  decreases w i t h  increasing conversion, especial ly  u p  t o  20% con- 
version. The changes i n  l iqu id  ( o i l  + asphaltene - I )  and asphaltene-I1 a r e  
remarkable. The O,N,S/C atomic r a t i o  increases with conversion up  t o  20% conversion, 
and i t  i s  nearly constant  i n  s p i t e  of the progress of conversion i n  the react ion 
beyond 20% conversion. 
ZnCl2.catalyst i s  lower than for  o ther  c a t a l y s t s .  This suggests t h a t  ZnC12 catalyzes 
reactions which decrease the H/C r a t i o .  

These results suggest t h a t  i n  this reactor  the  react ion up to  500" C and 12  

A t  about 20% conversion the H/C r a t i o  of each product f o r  

Comparison of a typical  proton NMR spectra  of l iquid (oi l+asphal tene-I)  
measured a t  90 MHz and 300 MHz shows two new b n s i n  the  a l i p h a t i c  region a t  1.5 - 
product was obtained from NMR spectra .  
hydrogens bound to carbons a to aromatic r ings ,  Ha , increase and the hydrogens 
bound t o  a l i p h a t i c  carbons f3 or fur ther  from aromatic r ings ,  Ho, decrease w i t h  
i ncreasi ng conversion. 

Structural  ana lys i s  was performed u s i n g  the equation of Brown and Ladner(6'7'9! 
Results o f  these ca lcu la t ions  a r e  shown i n  Figure 5. The carbon aromatici ty ,  f a ,  
increases and the aromatic hydrogen-to-carbon r a t i o  of the  hypothetical unsubsti tuted 
aromatic mater ia l ,  Hau/Ca, decreases w i t h  the increase of conversion. Up to  20% 
conversion the changes i n  l iqu id  ( o i l  + asphal tene-I)  and asphaltene-I1 a r e  s i g n i f i -  
can t .  The main differences i n  the chemical s t r u c t u r e  between l iqu id  ( o i l  + asphal- 
tene-I)  and asphaltene-I1 a r e  the average number of aromatic rings i n  the u n i t  
s t ruc ture  (Hau/Ca) and f a .  A t  about 20% conversion the degree of subs t i tu t ion  of 
r ing carbons, a ,  of each product using ZnC12 c a t a l y s t  is lower, and fa  i s  higher 
t h a n  those obtained w i t h  the other  c a t a l y s t s .  T h i s  suggests t h a t  ZnCIZ catalyses  
reactions which decrease u and increase f a ,  e.g., dealkylat ion.  This a b i l i t y  of 
ZnC12 may be re la ted  t o  the high a c t i v i t y  in  the i n i t i a l  s tage o f  hydrogenation. 

I t  i s  concluded t h a t  a continuous d i s t r i b u t i o n  e x i s t s  in the structu'ral uni ts  
of coa l .  The uni t s  taking p a r t  i n  the noncatalyt ic  react ion up to  about 20% conver- 
s ion  a re  character ized by higher H/C r a t i o ,  lower O,N,S/C r a t i o ,  higher content of 
a l ipha t ic  hydrogen (Ha + Ho), lower fa  and 1-2 aromatic r ings .  In the c a t a l y t i c  
react ion (grea te r  than 20% conversion) the u n i t s  taking par t  i n  the  react ion a r e  
characterized by lower H/C r a t i o ,  higher content of Ha, higher f a  and la rger  number 
of aromatic r ings .  

Ac know1 edgement 

1 .8  ppm and 2.0-2.1 ppm i n  the  300 MHz spec t ra .8  7 f  The hydrogen d i s t r i b u t i o n  of each 
Hydrogens bound t o  aromatic carbons, Ha, and 
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Table 1 .  - Analysis o f  Clear Creek, Utah, coal 

Proximate ana lys i s  (%) 
Ultimate analysis  (%, d.a . f . )  Atomic r a t i o  Moisture Ash Vola t i le  Fixed 

C H N O(d i f f )  H / C  O,N,S/C matter carbon 

76.1 5.5 1.6 16.8 0.87 0.18 0.83 6.50 45.42 41.25 
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Powdered 1 coal I 

se  pa ra t ion  

Toluene extract ion Hexanes extract ion 
by Soxhlet extractor  by Soxhlet ex t ra tor  

I 

To1 uene To1 uene Hexanes- 
i nsol u bl es solubles  insol ubl es 

(Asphal- (Asphal- 

I 

Hexanes- Aqueous 
sol ubl es phase 

(Oi l )  

Hydrogenation by 
entra ined-fl ow reactor  

tene 11) 
L 

tene I )  

Pyridine extract ion 
by Soxhlet ex t rac tor  

Pyridine- 
i nsol ubles 

Insoluble 
residue 

Pyr i di ne- 
solubl es 
(Preas ha1 - 
tene 

Pyridine-solubles 
(Preasphal tene 11) 

Fig. 1 - Flow diagram of product separation 
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